In this article, we describe the construction, calibration, and test of a small telescope system which demonstrates the practical application of image sharpening to produce corrected images in real time.
Alternative systems to accomplish this goal are being developed at several laboratories, 3 including Itek, Perkin~Elmer, and Bell. A generalized framework for the analysis of such adaptive-optics systems 4 has been developed by Dyson. Our system has achieved Figure L Mechanicallayout of the apparatus. Incident light passes through the entrance aperture, isfocused by the primary mirror, reflects off the first and second diagonal mirrors, and comes to an image just in front of the projection lens. The first diagonal is mounted on piezoelectric columns which allow steering of the image in the dimension of good resolution. The second diagonal is made of six independent m1rrors which can be moved perpendicular to the mirror plane. The projection lens re-focuses the image onto the slits in front of the photomultipliers PM-1 and PM-2. PM-1 measures the sharpness and is used to provide feedback to the six mirrors of the second diagonal. PM-2 and its slit are mechanically translated perpendicular to the beam lines and are used to record the image. PM-3 and PM-4 receive the light which does not pass through the slit for PM-1, and they are used to steer the first diagonal mirror to keep the image centered upon the sharpness slit. The telescope mount (not shown) allows rotation of the entire telescope about the axis of its. barrel, thus permitting re-orientation of the direction of good resolution. The electrical connections to the mirror take place through the circuit-board strip just visible below the main mirror mounting base.
milliseconds. Application of ±1000 volts results in a motion of +2.5
microns.
The first diagonal mirror, used to keep the image centered on the sharpness slit, was mounted on three other piezoelectric columns. These steer the image along the dimension of good resolution by ±10 arc sec with the application of ±1000 volts. This steering capability, although not necessary for the horizontal-path tests to be reported here, is
.vital to correct steering errors in the equatorial drive of astronomical telescopes. By removing first-order image translatio~ directly, how~ver, the steering does lessen the corrections that the second diagonal must provide, thus slightly improving the resultant diffraction pattern.
C. PHOTOMULTIPLiERS
The sharpness-measuring photomultiplier PM-1 receives the light which passes through a narrow slit in a mirror at the secondary focus.
The remainder of this light is reflected into the two steering photomultipliers, PM-3 and PM-4, which measure the balance of the light on the two sides of the slit. The scanning photomultiplier PM-2 is used to record the image.
The quantum efficiencies of PM-1 and PM-2 were significantly enhanced by mounting them at 45° to the incoming light and using a prism 5
to introduce the light into the photomultiplier, as shown in figure 4.
The light is trapped within the glass face of the photomultiplier,
where it makes five encounters with the photoelectric surface rather than the usual single encounter. We were able to use this technique be- into the position of each of the six moveable mirrors in sequence; if the "new" sharpness signal was larger than the "old" sharpness signal, the perturbation was left in place-~otherwise the mirror was moved back.
After one such cycle through the six mirrors, taking typically 4 ms, the sequence was repeated with perturbations in the other direction. A detailed sequence of program steps is given in Table I . Both the program iogic and mirror logic blocks were built using standard TTL integrated circuit chips, together with programmable read-only memory chips (PROMs)
to define the logic of Table I and the proper sequence of mirror motions. 
III. TEST RESULTS WITH ARTIFICIAL STARS
To test the ability of the telescope to compensate for atmospheric turbulence, we placed a neon-helium laser and an incandescent white-light source 250 meters from the laboratory window. The light from these . White light images. An incandescent bulb with a 1 mm filament WJS placed 250m from the telescope. In (a) and (b) a narrow mask was placed in front of the bulb .to make an unresolvable object. In (c) the slit was removed to make a resoh'abk object with the expected FWHM as shown.
..
turbulence at the window of the room caused short coherence times, and the seeing was rarely correctable until an. optical-quality glass window was put in place. With this improvement, correctable seeing conditions occurred about half the time.
We also tested the image-sharpening system on a white-light source.
An incandescent bulb with a filament one millimeter in diameter was masked to 1/8 mm in apparent size in order to test fully the resolving capability of the telescope. Figure 9a shows the uncorrected image, and 9b the image with the feeqback on. As with the laser, the system yielded an essentially diffraction-limited image. In order to test the system on an extended source, we removed the mask from the bulb; the resulting image is shown in figure 9c.
An interesting phenomenon arose in recording figure 9c. The expected diffraction-limited image of the helical filament, asviewed in our onedimensional system, is substantially broader than the sharpness slit we used.· As a result the image "rattled around" the slit, giving an image considerably broader than that expected. To alleviate this difficulty, we removed the steering and biased the pointing of the telescope, causing the slit to favor one edge of the image. The result has the expected FWHM, but is asymmetric, and has a spurious bump at 2 arc sec. These problems
should not arise when we use a mask function M(x,y) which is a closer match to the expected image. If the coherence time on good nights at observatories is as long as 50 ms, the integration time could be increased approximately ten-fold, thus allowing significant image sharpening for stars 7th magnitude or brighter.
The design of the apparatus is such that it can conveniently.be moved to an observatory and mounted on an equatorial drive without major disassembly or recalibration. In the near future we expect to report on tests made with astronomical objects. 
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